society, often compromising the persons' ability to work and interact socially. The costs of these 62 injuries are including lost productivity and care facilities for those no longer able to care for 63 themselves. In the United States, there are an estimated 1.7 million cases of traumatic brain 64 injuries every year 1 . While Canadian statistics in this area are not complete, it can be estimated 65 that 170,000 traumatic brain injuries per year occur in Canada. In addition, 150,000 Canadians 66 are likely to suffer nonfatal traumatic brain injuries that will not require hospital treatment. The 67 elderly and children are the most likely to experience a traumatic brain injury, with falls being 68 the most common cause 2 . Of all injuries, brain trauma has the singular distinction of having the 69 highest morbidity and mortality 3 . As a result, a great deal of research has been undertaken to help 70 prevent head injuries. Recently much attention has been paid to brain injuries due to their serious 71 effects on the nervous system and the repercussions to the quality of life of the injured person. 72
The severe nature and serious repercussions of TBI has resulted in research designed to 73 better understand the factors that contribute to these injuries; such as what are the characteristics 74 of the event that are required to cause a TBI [4] [5] [6] [7] . In particular, identifying the types of head 75 motions that can cause a TBI has been an important area of research [8] [9] . Identifying susceptibility 76 to incur TBI from certain impact locations would be knowledge that could allow for clinicians to 77 better assess likelihood of type of brain injury based on the event. In addition, it would allow for 78 biomechanists and engineers to innovate technologies and create safer environments that would 79 prevent and protect the brain from TBI through understanding of how the brain responds to 80 impacts from certain directions. There has been some research involving monkeys and cadavers 81 examining the influence of impact location, and thus, the direction of motion on pathological 82 responses, which identified a link between severity of brain injury and direction 8,10-11 . They 83 reported axonal injury in the brain was proportional to the degree of coronal motions 10 . The same 84 group identified an association of sagittal plane motions with severe brain injury in primates that 85 were likely caused by the lack of anatomical structures such as the falx 11 . Since the falx acts in 86 the Sagittal plane, it was proposed that the falx played a role in reducing the motion of the brain 87 for lateral impacts thus reducing high strains 11 . The influence of impact direction on subdural 88 hematoma (SDH) was studied by Kleiven 12 and Huang et al 13 using finite element modelling 89 simulations with motions in the sagittal plane causing an increased likelihood of injury. 90
While this research demonstrated a mechanism of injury involving the influence of 91 impact location on the resulting brain injury, it did not reflect an event involving human subjects 92 and human anatomical considerations. This limitation of transferring animal and anatomical data 93 to human responses is commonly mentioned in these and other publications [14] [15] [16] . The 94 mechanisms of injury for animals have long been considered as having severe limitations when 95 applied to our understanding of injury mechanisms for humans 14 . Thresholds associated with 96 brain injury obtained from animal research are speculative when applied to human injuries, 97 which may be one reason why there is currently no definitive threshold or measurement variable 98 for TBI. In addition, traumatic brain injury defines a broad spectrum of lesions and it is likely 99 that each lesion type is influenced by the nature of the motion from unique impact directions 100 causing stresses and strains to specific anatomical regions 9, 17 . As a result, the purpose of this 101 research is to examine the relationships between impact direction and the presence of different 102 traumatic brain injury lesions in a human population. 103
104

Methods
105
The cases were selected by physicians from the Hull Hospital in Hull, Canada, the Ottawa 106
General Hospital in Canada and the National Department of Neurosurgery at Beaumont Hospital, 107 Dublin, Ireland. For this research reconstructions were conducted based on eyewitness and 108 patient reports. As a result, falls were the only mechanism of injury represented in this dataset as 109 they were more feasible to reconstruct in a laboratory and represented the most common injury 110 method for TBI 15, 18 . In total, over 700 cases of head injuries were presented at the participating 111 hospitals during the data collection period. These cases were then reviewed based on the quality 112 of the description of the traumatic event, the cranial imaging, and the outcome. As eyewitness 113 and patient recollections of the event can be inaccurate, rigorous inclusion criteria was applied to 114 the collection of reconstructable cases to ensure the minimum possible error for the simulations. 115
As previously stated, the mechanism of injury was limited to falls, with a clearly defined TBI 116 present on computed tomography (CT) or magnetic resonance imaging (MRI) scan which was 117 confirmed by neurosurgeon or radiologist. The imaging must have taken place within 24 hours of 118 the original event, and the fall must have been a slip or trip without any external push, or contact 119 with any object before contact with the impact surface. Impact location must have been 120 identified by both bruising on the skin in addition to identification by the patient of the site on 121 their head and recorded by physician. The subjects' height, weight, gender was also have been 122 recorded to ensure accuracy of the falling simulations. In addition, to be included the subjects 123 must not have been taking antiplatelet or anticoagulation medications. From that analysis, the 124 following injuries were included: parenchymal contusions, subdural hematomas (SDH), and 125 subarachnoid hemorrhage (SAH). From these cases, twenty (20) were identified as having met 126 the strict criteria for accurate laboratory reconstructions and each subject signed an informed 127 consent form. This group was represented by 13 males and 7 females, with an average age of 68 128 years (15 years standard deviation). This group of subjects were evaluated to have a 
139
MADYMO reconstructions 140
Mathematic dynamic models are tools commonly used to conduct reconstructions of falling 141 accidents in a human population from eyewitness and subject reports 18, 20, [24] [25] . This software 142 allows for the estimation of human kinematics for a fall from a starting position to point of 143 impact with a surface. While having some limitations this tool is the best available for this type 144 of research and allows for a better estimation of impact parameters than using simple 145 mathematical equations to determine head impact based on gravity or pendulum motion 18, 24 . In 146 the case of this research, this software is used to estimate head impact velocity as that cannot be 147 determined from the eyewitness and subject reports directly. This particular tool is quite effective 148 because it has a large database of human body models, which includes a series of ellipsoid 149 pedestrian models 19, 24 . The pedestrian models were validated using a variety of impactors to 150 determine the risk of injury to pedestrians from vehicle impacts 24 . The MADYMO simulations 151 were used to reconstruct the falling motions based on the anthropometrics of the subject, initial 152 and final body positions of each subject as described by eyewitnesses and subjects 18 where C 10 and C 01 are the temperature-dependent material parameters, and t is time in seconds. 244
The compressive behaviour of the brain was considered elastic. The shear characteristics of the 245 viscoelastic behaviour of the brain were expressed by: 246
where is the long term shear modulus, is the short term shear modulus and is the 248 decay factor (Horgan and Gilchrist, 2003) . As fluid has a high bulk modulus and zero resistance 249 to shear, the CSF layer was modeled using solid elements with a low shear modulus as was used 250 in other research to simulate the sliding interaction between the brain and skull [33] [34] [35] [36] [37] . 251
The characteristics of brain tissue are those approximated from cadaveric and scaled 252 animal anatomical testing. 
Region of interest identification 265
The CT and MRI scans of each subject were assessed by radiologists and neurosurgeons at the 266 hospital to identify the type of lesion and the location of the damage 
Results by lesion type 309
Subdural hematoma 310
From the TBI events that were reconstructed (table 3) 
Subarachnoid hemorrhage 331
From the twenty TBI reconstructions, there were a total of 7 subarachnoid hemorrhages. The 332 impacts from: one frontal, one right side, three occipital, and two left side. When comparing the 333 results of the UCDBTM for impact direction (table 4), significant main effects were found for 334 VMS (p=0.002), shear stress (p=0.011), and pressure (p=0.022). When comparing impact 335 direction, the VMS response was larger for impacts to frontal regions (18.9 kPa) in comparison 336 to the occipital (11.2 kPa) (p=0.002). The occipital impacts produced magnitudes of response 337 that were lower than the left side (15.2 kPa, p=0.041), but not significantly different from the 338 right (p=0.379). The shear stress magnitudes were significantly larger for impacts to the frontal 339 region (10.6 kPa) than the right side and rear impact locations respectively (p=0.037; p=0.009). 340
The pressure responses for impacts to the frontal region were significantly smaller (1194. 
Overall lesion comparisons by direction 363
The frontal impacts produced just SDH and SAH, and for all the dependent variables calculated 364 in the UCDBTM, the SDH occurred at lower magnitudes (pressure, p=0.042; MPS, p=0.004; 365 VMS, shear stress and strain, p=0.001). For impacts to the right side of the head, the contusions 366 occurred at lower magnitudes of response than the SDH and SAH for MPS (p=0.001 367 respectively), VMS (p=0.001 respectively), and shear strain (SDH, p=0.005; SAH, p=0.030). For 368 shear stress, the contusions resulted from significantly lower magnitudes for impacts from the 369 right side in comparison to SDH (p=0.018), but not SAH lesions (p=0.104). Pressure responses 370 were significantly higher for SAH lesions than for SDH (p=0.004) and parenchymal contusions 371 (p=0.04). Impacts to the left side of the head showed significant main effects when the lesions 372 were compared using MPS and VMS (p=0.039 and p=0.025). For impacts to the left side of the 373 head the contusions resulted at lower magnitudes than the SDH lesions (p=0.033) but not the 374 SAH lesions (p=0.141). For VMS, the contusions occurred at significantly lower magnitudes 375 than the SDH (p=0.023) but not the SAH (p=0.075) for impacts to this location on the head. 376
Finally, for occipital impacts, significant main effects were found for MPS (p=0.001), VMS 377 (p=0.003), shear stress (p=0.002) and shear strain (p=0.001) for all. The SDH's occurred at lower 378 magnitudes for occipital impacts than contusions for MPS (p=0.001), VMS (p=0.002), and shear 379 stress (p=0.002) and shear strain (p=0.001), but not in comparison to SAH for MPS (p=0.116), 380 VMS (p=0.284) and shear stress (p=595). The SDH's were incurred at lower magnitudes for 381 occipital impacts for shear strain than the lesion types (SAH, p=0.046; contusion, p=0.001). (table 6) 15,20 . The current research also produced magnitudes of 394 stress and strain that are consistent with anatomical testing, indicating TBI vascular damage in 395 the range of 0.30 strain or more. 396 The purpose of this research was to investigate the influence that impact direction has on 399 the presence of particular TBI and the magnitudes of stresses and strains associated with those 400 damaged regions of the brain. This knowledge is important for both the biomedical engineering 401 community as well as clinician. Biomechanically, it is important to know the impact parameters, This research used a variety of biomechanical and computational models as tools for brain injury 454 investigation and is subject to some limitations that must be considered when evaluating the 455 results. These results are biased in that they use a small group of subjects that were presented to 456 hospital from falling events. The small population used is indicative of the difficulty in receiving 457 quality reconstructable cases from hospital datasets. As a result, while these results support many 458 of the previous literature on the influence of impact direction on head injury, the small number of 459 subjects may limit its application to a broader population. Also it is likely that since the age of 460 the subjects in this research is older adult to elderly, the magnitudes of stress and strain in which 461 these injuries were incurred would be perhaps lower than those for a younger more able bodied 462 group. In addition, it is likely that other mechanisms of injury may produce different results from 463 these analyses. The limitations of using patient reports and questionnaires were discussed in the 464 methodology, and this source of error was controlled as best as possible by applying extremely 465 rigorous inclusion criteria to the dataset. The Hybrid III headform is comprised of a steel head 466 covered with a vinyl skin to simulate human head response, and while it does produce results in 467 the range of cadaveric data 53 , is not identical to that of a human. In addition, the neckform used 468 is also a simulation of real neck responses. The UCDBTM finite element model represents the 469 current state of the art for mechanical brain injury research and is comprised of material 470 characteristics and geometries from human cadavers, and while it has been subject to, and 471 passed, validation procedures 28-29 , its results may differ from those of live human subjects. The 472 results of this research should be considered in light of these limitations. 473
474
Conclusion
475
The purpose of this research is to examine the relationships between impact direction and the 476 presence of different traumatic brain injury lesions in a human population. This research 477 demonstrated that for this sample of falls causing different TBI lesions that SDH is more likely 478 to occur for impacts to the frontal and occipital regions of the head, and parenchymal contusions 479 for impacts to the side of the head. The SAH that were investigated as part of this study were not 480 characterized by a clear effect of direction, which may be reflective of a unique injury 481 mechanism. These injuries were also shown to occur for events that caused a head impact to hard 482 non-compliant surfaces from standing height (4 -6 m/s head impact velocity). When examining 483 the brain stress and strain metrics, only von Mises stress was sensitive enough to these impact 484 conditions to produce significant results for each comparison that was made, suggesting this 
